Infiltrating inflammatory cells are highly prevalent within the tumor microenvironment and mediate many processes associated with tumor progression; however, the contribution of specific populations remains unclear. For example, the nature and function of tumorassociated neutrophils (TANs) in the cancer microenvironment is largely unknown. The goal of this study was to provide a phenotypic and functional characterization of TANs in surgically resected lung cancer patients. We found that TANs constituted 5%-25% of cells isolated from the digested human lung tumors. Compared with blood neutrophils, TANs displayed an activated phenotype (CD62L lo CD54 hi ) with a distinct repertoire of chemokine receptors that included CCR5, CCR7, CXCR3, and CXCR4. TANs produced substantial quantities of the proinflammatory factors MCP-1, IL-8, MIP-1a, and IL-6, as well as the antiinflammatory IL-1R antagonist. Functionally, both TANs and neutrophils isolated from distant nonmalignant lung tissue were able to stimulate T cell proliferation and IFN-g release. Cross-talk between TANs and activated T cells led to substantial upregulation of CD54, CD86, OX40L, and 4-1BBL costimulatory molecules on the neutrophil surface, which bolstered T cell proliferation in a positive-feedback loop. Together our results demonstrate that in the earliest stages of lung cancer, TANs are not immunosuppressive, but rather stimulate T cell responses.
Introduction
Murine and human studies suggest that tumor initiation and progression are commonly accompanied by "smoldering" inflammation (1) . Tumor-infiltrating myeloid cells represent a significant proportion of the inflammatory cell population in the tumor microenvironment, and they influence nearly every step in tumor progression, including the suppression of adaptive immunity, the promotion of neoangiogenesis and lymphangiogenesis, the remodeling of the extracellular matrix, the promotion of invasion and metastasis, and lastly, the inhibition of vaccine-induced antitumor T cell responses (2) . Among the different types of myeloid cells, tumor-associated macrophages (TAMs) have been the best characterized and are generally considered protumoral in murine tumor models (3, 4) . The role of tumor-associated neutrophils (TANs) in cancer progression remains unclear and has been investigated only recently in murine models. Characterization of human TANs is even less well developed.
In murine studies, TANs appear to have dichotomous protumor and antitumor effects (5) (6) (7) . Similar to the classic (M1) and alternative (M2) activation pathways proposed for TAMs, the paradigm of antitumor "N1 neutrophils" versus protumoral "N2 neutrophils" has been proposed in murine models (8) . Whether these paradigms translate to human tumor biology remains unanswered. Critical species-specific differences in both innate and adaptive immunity make assumptions of equivalence unwise (9) , especially given recent studies that have shown that certain rodent models poorly replicate inflammatory diseases in humans (10) . In humans, correlative studies using immunohistochemistry have shown that TAN infiltrates are associated with a poor prognosis for patients with head and neck cancer (11) , renal cell carcinoma (12) , melanoma (13) , hepatocellular cancer (14) , and colon cancer (15) . In contrast, high tumor neutrophil counts have been associated with a favorable outcome for patients with gastric cancer (16) . The results in lung cancer have been divergent (17, 18) . To our knowledge, there have been no reports regarding the functional role of TANs in the progression of human cancers. Thus, one goal of this work was to determine the phenotype and function of TANs in early-stage lung cancer using fresh surgically obtained tumor.
A major challenge in TAN biology is deciphering the complex interaction of activated neutrophils with T cells in the tumor microenvironment. Understanding the role of TANs in regulating T cell responses in cancer patients is particularly important because cytotoxic T lymphocytes are the chief effector cells mediating antigen-driven antitumor immunity. There is evidence that activated neutrophils can interact with T cells in dichotomous ways. Several studies have shown that neutrophils can present antigens Infiltrating inflammatory cells are highly prevalent within the tumor microenvironment and mediate many processes associated with tumor progression; however, the contribution of specific populations remains unclear. For example, the nature and function of tumor-associated neutrophils (TANs) in the cancer microenvironment is largely unknown. The goal of this study was to provide a phenotypic and functional characterization of TANs in surgically resected lung cancer patients. We found that TANs constituted 5%-25% of cells isolated from the digested human lung tumors. Compared with blood neutrophils, TANs displayed an activated phenotype (CD62L lo CD54 hi ) with a distinct repertoire of chemokine receptors that included CCR5, CCR7, CXCR3, and CXCR4. TANs produced substantial quantities of the proinflammatory factors MCP-1, IL-8, MIP-1α, and IL-6, as well as the antiinflammatory IL-1R antagonist. Functionally, both TANs and neutrophils isolated from distant nonmalignant lung tissue were able to stimulate T cell proliferation and IFN-γ release. Cross-talk between TANs and activated T cells led to substantial upregulation of CD54, CD86, OX40L, and 4-1BBL costimulatory molecules on the neutrophil surface, which bolstered T cell proliferation in a positive-feedback loop. Together our results demonstrate that in the earliest stages of lung cancer, TANs are not immunosuppressive, but rather stimulate T cell responses.
Tumor-associated neutrophils stimulate T cell responses in early-stage human lung cancer from tumor microarrays containing 45 adenocarcinomas (ACs) and 25 squamous cell carcinomas (SCCs) were double-stained for cytokeratin to identify tumor cells (red) and myeloperoxidase (MPO) to identify TANs (brown) ( Figure 1A ). The median numbers of MPO + cells present in the tumor islets and stroma in AC (40 cells/mm 2 and 97 cells/mm 2 , respectively) were significantly less (P < 0.02) than those seen in SCC (197 cells/mm 2 and 269 cells/mm 2 , respectively) ( Figure 1E ). Double staining of tumor sections with MPO and HLA-DR or CD3 revealed that neutrophils often colocalized with APCs (Figure 1B ) and T cells ( Figure 1C ) throughout the lung tumor microenvironment. In some cases, TANs were more associated with microabscesses or coagulative necrosis ( Figure 1B, top) .
To perform a more detailed evaluation of TANs by multicolor flow cytometry, the generation of high-quality single-cell suspensions is required. We tested several commercially available and provide accessory signals for T cell activation (19) (20) (21) (22) . Other studies have suggested that peripheral blood neutrophils (PBNs) can suppress antigen-nonspecific T cell proliferation through the release of arginase-1 and the production of ROS (23) (24) (25) . To date, the suppressive function of granulocytic cells in cancer patients has generally been attributed to a circulating low-density granulocytic myeloid-derived suppressor cell (G-MDSC) population (26) (27) (28) . However, there is some uncertainty about whether G-MDSCs exist in humans and whether they are simply a sequela of disease progression. Thus, given the unclear role of neutrophils in the regulation of T cell responses, a second major goal of this study was to determine the effects of TANs on T cell activation.
Results
Intratumoral neutrophils constitute a significant portion of infiltrating cells in lung cancers. To identify and localize TANs, sections 
CD11b
+ cells in AC (n = 22) and SCC (n = 9). Mann-Whitney test for unpaired data. For all scatter plots, error bars represent mean ± SEM. (H) PBNs were analyzed for migration in the Neuro Probe ChemoTx system. Each experiment was run in triplicate and repeated at least 3 times. Results of 1 representative experiment are shown. Error bars represent mean ± SEM. Statistical analysis was performed with Kruskal-Wallis and Dunn's multiple comparison tests (*P ≤ 0.05, **P ≤ 0.01). fMLP, N-formyl-methionyl-leucyl-phenylalanine. jci.org
Volume 124 Number 12 December 2014 cells ( Figure 1D ). Importantly, the CD15 hi CD66b + CD11b + granulocytes had negligible expression of the eosinophil-associated surface marker IL-5Rα ( Figure 1D ). In multicolor tracings, we defined TANs as either CD15 hi
+ or CD66b + CD11b + , since there was a 100% concordance between CD15 and CD66b ( Figure 1D ).
The CD15 hi CD11b + TANs were found to be present in varying frequencies, ranging from 2% to 25% of live cells in the tumor microenvironment in all of the NSCLC studied ( Figure 1F ). In agreement with the immunohistochemical data ( Figure 1E ), the frequency of TANs and the CD15 hi CD11b + to CD15 -CD11b + ratio were significantly higher (P = 0.001) in patients with SCC (~15% of live cells; ratio of 2.6) compared with patients with an AC (~7% of live cells; ratio of 1.4) (Figure 1 , F and G). This indicates that CD15 hi CD11b + TANs constituted the major proportion of CD11b + tumor-infiltrating myeloid cells in patients with SCC. It is noteworthy that the proportion of TANs in tumor tissue of both histological types did not correlate with tumor size (Supplemental Table 2 and Supplemental Figure 5 , A-C). Importantly, the density of intratumoral neutrophils was not associand individually customized enzymatic cocktails to optimize cell yield, cellular viability, myeloid cell population recovery, preservation of myeloid cell surface marker expression, and induction of neutrophil activation (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI77053DS1). We selected a combination cocktail (described in Methods) that was composed of several enzymes used at low concentrations and led to a high yield of viable single cells (Supplemental Figure 1 , A and B) with minimal enzyme-induced ex vivo effects on neutrophil activation (Figure 2 , A and B) and cleavage of myeloid and lymphoid cell markers (Supplemental Figure 1 , C-G). Once optimized, we studied tumors from 86 non-small-cell lung carcinoma patients with stage I-II SCC and AC histology. The detailed patient characteristics are shown in Supplemental Table 1 .
Single-cell suspensions from these fresh human lung tumors were stained for neutrophil markers (CD15, CD66b, MPO, and arginase-1 [Arg1]), myeloid lineage markers (CD11b, CD16, and CD33), and the eosinophil marker IL-5Rα, by flow cytometry. TANs were defined as CD15 patients was low and not significantly different from the frequency in healthy donors (0.9% ± 0.17% and 0.7% ± 0.18%, respectively). Next, we evaluated the expression of activation markers on CD11b + CD15 hi TANs and neutrophils isolated from lung tissue adjacent to the lung cancer (Distant N; Figure 2E ). Notably, the digestion protocol did not elicit premature activation of resting PBNs ( Figure 2B ). In contrast to PBNs, CD11b + CD15 hi TANs markedly upregulated CD54 and downregulated CD62L, CXCR1, and CXCR2 ( Figure 2 , D and E), acquiring the phenotype of highly activated cells (CD62L lo CD54 + CXCR1 lo CXCR2 lo ). However, when resting PBNs were isolated from healthy donors and cultured in the presence of primary TCM, they rapidly acquired an activated CD62L lo CD54 hi phenotype, suggesting that tumor-derived factors are sufficient to trigger these changes ( Figure 2C ). Similarly to TANs, neutrophils from distant noninvolved lung downregulated the expression of CXCR1 and CXCR2 when compared with PBNs. However, the analysis of the CD54 and CD62L expression demonstrated that distant neutrophils were less activated compared with TANs ( Figure 2E ). There were no differences in the expression of activation markers on TANs between patients with AC and SCC (Supplemental Table 2 ).
Phenotypic changes in tumor-infiltrating neutrophils. There is growing evidence that the inflammatory microenvironment may induce a novel chemokine receptor repertoire on infiltrating neutrophils that increases their functional responsiveness to surrounding chemokines (33) . Thus, we determined whether neutrophils gained a new chemokine receptor expression profile in lung tumors.
Peripheral blood and tumor-associated CD11b
CD66b
+ neutrophils from patients with lung cancer were assayed for a wide ated with smoking use in the patients (Supplemental Table 2 and Supplemental Figure 5D ). To determine whether the tumor microenvironment stimulates trafficking of neutrophils, resting PBNs were assayed for transwell migration in the presence of tumor-conditioned medium (TCM) collected from digested tumors. In this assay, we observed that TCM induced a strong chemotactic response in blood neutrophils ( Figure 1H ). In fact, TCM was as efficient as high concentrations of IL-8, a known neutrophil chemotactic factor, in attracting CD15 + granulocytes ( Figure 1H ). Neutrophils are activated in the tumor microenvironment in patients with NSCLC. Since changes in cell adhesion molecules (CD62L, CD54) and CXC chemokine receptors (CXCR1, CXCR2) have been reported to correlate with leukocyte activation, augmented chemotaxis, and transendothelial migration (29, 30) , these markers were measured on circulating and tumorassociated CD11b + CD15 hi neutrophils. There was no significant difference between lung cancer patients and healthy donors in the expression of these markers on PBNs; these neutrophils shared the phenotype of resting naive cells, i.e., CD62L hi CD54 -CXCR1 hi CXCR2 hi ( Figure 2 , A and E). Previously, others have described a distinct subset of activated CD11b
+ low-density granulocytes in the PBMC fraction of patients with advanced stages of NSCLC (31) . This population has been referred to as granulocytic myeloid-derived suppressor cells (G-MDSCs), because of their ability to suppress T cell proliferation (32) . We analyzed PBMCs from 20 healthy donors and 20 lung cancer patients at early stages of disease for the presence of G-MDSCs and found that their frequency in cancer The cytokine/chemokine production by TANs, PBNs, and total tumor dissociates of AC and SCC. TANs and PBNs were isolated from tumor tissues and peripheral blood of lung cancer patients (n = 5) using magnetic beads. Purified neutrophils and unseparated cells from digested tumor were cultured for 24 hours in the cell culture medium, and cell-free supernatants were collected and frozen. The indicated factors were detected using the Cytokine Human 30-Plex assay. The presence of each secreted factor was heat-mapped on the basis of the concentration in tested supernatants, as indicated below.
released in the tumor tissue before isolation. Isolation of TANs and PBNs using positive selection with engagement of CD66b demonstrated similar results (data not shown).
Cytokine/chemokine profile of TANs and total NSCLC cells. To describe the range of inflammatory factors secreted by neutrophils in lung cancer patients, 24-hour cell culture supernatants from purified TANs and PBNs were analyzed by a multiplexed fluorescent bead-based immunoassay. In addition, we analyzed these factors in the supernatants collected from total cells of digested AC or SCC. The heat map in Figure 3B shows that many chemokines and cytokines were upregulated in the TAN group. TANs isolated from patients with AC or SCC, compared with PBNs from the corresponding patients, had significantly increased (P < 0.05) production of the proinflammatory factors MCP-1, IL-8, MIP-1α, and IL-6 ( Figure 3B ). Importantly, TANs were able to simultaneously secrete considerably more of the antiinflammatory IL-1R antagonist compared with PBNs.
Interestingly, the analysis of cytokines secreted by digested tumors harvested from 5 patients with AC and 5 patients with SCC revealed a relative preponderance of the Th1 proinflammatory cytokines IFN-γ (100 ± 58 pg/ml), IL-12 (18 ± 4 pg/ml), and TNF-α (81 ± 27 pg/ml), compared with the Th2 cytokines IL-4 (2.6 ± 1.8 pg/ml), IL-5 (not detectable), IL-10 (9.8 ± 3 pg/ml), and IL-13 (not detectable) ( Figure 3B ). The concentration of the proangiogenic cytokine VEGF was extremely low (8 ± 2.7 pg/ml) in the supernatants from digested AC and SCC. Several prominent NSCLC-derived cytokines, such as IL-8, MCP-1, IL-1RA, GM-CSF, and MIG, were present in high quantities in the cell culture supernatants collected from total cells of AC and SCC. However, there were some significant differences (P < 0.05) in the cytokine production between the tumor types. Compared with AC, SCC had significantly increased secretion of MIP-1α, MIP-1β, TNF-α, and IL-2R. In contrast, AC produced significantly (P < 0.05) more IL-6 and GM-CSF. MIP-1α has been shown to promote neutrophil chemotaxis (39) ; therefore its increased production in SCC may explain the high number of TANs relative to AC ( Figure 3B ).
TANs exhibit high phagocytic activity, and the ability to generate ROS in vitro. To assess functionality, PBNs and TANs were isolated from the same cancer patient and evaluated for their ability to survive in culture, phagocytose bacteria, and produce ROS in vitro.
There was no significant difference in the number of apoptotic cells in freshly isolated PBNs and TANs (5% ± 2.8% and 9% ± 3% of annexin V + PI -and annexin V + PI + cells, P = 0.4, respectively) ( Figure 4A , top dot plots, and Figure 4B ). After 20 hours in culture, there was no survival advantage for TANs compared with PBNs ( Figure 4A , center dot plots, and Figure 4B ). However, when either freshly isolated PBNs or TANs were cultured in the presence of TCM, these cells had substantially increased survival time compared with PBNs and TANs that were cultured in standard medium ( Figure 4 , A and B). About 40% of PBNs and TANs cultured in the presence of TCM were still viable at 48 hours ( Figure 4B ). These data suggest that tumor-derived factors prolong neutrophil survival in the tumor microenvironment.
Next, we examined the phagocytic activity of TANs and resting PBNs by measuring the uptake of red fluorescent pHrodo E. coli bioparticles. The results showed that TANs phagocytosed the bioparticles as efficiently as PBNs ( Figure 4D ). There was no array of CC (CCR1-CCR7) and CXC (CXCR1-CXCR7) chemokine receptors. Subpopulations of TANs expressed CCR7, CXCR3, and CXCR4, whereas these chemokine receptors were absent on PBNs ( Figure 2F and summarized in Figure 3A ). Virtually all TANs expressed high levels of CCR5, which was absent on PBNs ( Figure 2F ). Interestingly, the proportion of CCR5-positive TANs was significantly higher in patients with AC compared with SCC (P = 0.04) (Supplemental Table 2 ). In addition, CXCR1 and CXCR2 were dramatically downregulated on TANs and distant neutrophils ( Figure 2E ). The expression of CCR5, CCR7, and CXCR3 on the distant neutrophils was significantly higher in comparison with PBNs (P < 0.01) and significantly lower in comparison with TANs (P < 0.01). These differences in chemokine receptor expression were consistent, regardless of whether they were measured by cell surface expression (MFI) or as a percentage of chemokine receptor-positive neutrophils. Importantly, there were no differences in the expression of CC and CXC receptors on PBNs between healthy donors and patients with stages I-II NSCLC (data not shown).
The activation of neutrophils has also been suggested to lead to the upregulation of inhibitory receptors and ligands that negatively regulate T cell responses (34) (35) (36) (37) . However, the expression of PD-L1, galectin-9, CD200R, and CD301 was not increased on TANs in 10 patients with early stages of AC or SCC ( Figure 3A ). In addition, we found that TANs expressed low levels of FasL and the FcRI receptor CD64 (albeit higher than PBNs), whereas the expression of the FcγRIII receptor CD16 was downregulated compared with that seen on PBNs ( Figure 3A) .
Engagement of CD15 or CD66b molecules in the isolation of TANs.
Given studies that show minimal effects of positive selection of granulocytes by anti-CD15 Ab-conjugated magnetic microbeads on ROS production or phagocytosis (38), we used a combination of our tumor digestion protocol and anti-CD15 microbeads to isolate granulocytes from digested tumors and peripheral blood for functional studies. We first treated peripheral blood of healthy donors with the enzymatic cocktail, and then isolated neutrophils using anti-CD15 microbeads. Analysis of the expression of the activation markers CD62L and CD54 on PBNs indicated that these cells were not prematurely activated or adversely affected by this process ( Figure 2, A and B) . Using this approach, we found that isolation of TANs with the anti-CD15 microbeads yielded high neutrophil purity, as defined by the CD15 Figure 3A) . We verified the cellular purity of TANs in every patient by flow cytometry and cytomorphology. TANs isolated with purity less than 90% were discarded. Over 95% of the sorted cells expressed the neutrophilic markers CD11b, MPO, CD66b, and Arg1. Cytospins were prepared from isolated TANs, and pathological review confirmed that the cytomorphology of these cells was consistent with granulocytes (Supplemental Figure 3D) . Importantly, annexin V and propidium iodide (PI) staining of isolated CD15 + PBNs showed that only 9% ± 3% of the cells were in apoptosis, indicating that significant cell death was not occurring during the isolation procedures (Figure 4, A 
CD11b
+ TANs isolated from the majority of patients with lung cancer were MPO and Arg1 positive (Supplemental Figure 3 , B and C). However, in some patients we found that the fraction of TANs had reduced intracellular MPO and Arg1, suggesting that these enzymes had already been jci.org
Volume 124 Number 12 December 2014 difference in the phagocytic activity between PBNs from cancer patients and healthy donors (data not shown). We also quantified the spontaneous and PMA-stimulated ROS production by circulating and tumor-associated neutrophils using the Amplex Red assay. Despite the fact that TANs were activated, spontaneous ROS production was minimal and no different from that of resting PBNs from lung cancer patients or healthy donors ( Figure 4C ). However, the stimulation of PBNs and TANs with PMA resulted in a dramatic increase in H 2 O 2 production, suggesting that TANs were not dysfunctional and could be stimulated further ( Figure 4C ). Mechanistically, ROS production in the neutrophils was mediated by the NADPH oxidase complex (NOX), since coculture of the TANs with the NOX inhibitor apocynin substantially decreased PMA-induced ROS generation ( Figure 4C) .
Together, our data on isolated TANs show that when appropriately triggered, they can perform major functions such as phagocytosis and ROS production, suggesting that they are not "exhausted" or hypofunctional.
Neutrophils from malignant and nonmalignant lung tissue stimulate antigen-nonspecific T cell proliferation. Multiple reports suggest that MDSCs in human and murine tumors are partially composed of granulocytic cells, and that these populations tend to negatively modulate effector T cell functions (27, 40) . Accordingly, we measured the effect of TANs on lymphocyte proliferation in a CFSE-based T cell suppression assay. First, in order to validate this assay in our hands, we isolated Tregs (effectors) from the peripheral blood of lung cancer patients and cocultured them with CFSE-labeled healthy donor PBMCs (responders) that had been stimulated with plate-bound anti-CD3 Abs. As expected, after 4 days, we found that the proliferation of both CD4 + and CD8 + T cell populations exposed to Tregs was markedly suppressed compared with that of control cells (Supplemental Figure 2A) . Next, we performed similar experiments in which PBNs or TANs (effectors) were isolated from cancer patients and cocultured with healthy donor PBMCs (responders) that had been stimulated with plate-bound anti-CD3 Abs. We found that the proliferation of stimulated T cells after 4 days was not altered by exposure to PBNs ( Figure 5A) . Surprisingly, when the stimulated PBMCs were cocultured with TANs, the proliferation of CD4 + and CD8 + cells was markedly augmented. Specifically, whereas approximately 50% of control T cells were CFSE lo and underwent 1-6 rounds of cell division, the dividing T cell fraction significantly increased (to as much as 95%) in the presence of TANs ( Figure 5A ).
Isolation of TANs and PBNs using positive selection with engagement of the CD66b molecule demonstrated similar results (Supplemental Figure 2C) . To confirm that our results were not Figure 2C) .
To ensure that this stimulatory effect was not dependent on the allogenicity between healthy donor responders and patient TANs, or some artifact of the CFSE system, we repeated the T cell proliferation assay using T cells, PBNs, and TANs all isolated from the same patient. A BrdU incorporation assay demonstrated that the majority of T cells (79% of CD4 + and 69% of CD8 + cells) cocultured with TANs were in S phase of the cell cycle by 72 hours after stimulation, compared with only about 15%-30% of control T cells or T cells cocultured with PBNs ( Figure 5B ). This short-term assay revealed that activated T cells begin to actively synthesize DNA in the presence of TANs by 48 hours after stimulation compared with control T cells or T cells cocultured with PBNs (Supplemental Figure 2E) . Interestingly, in this experiment, we found that PBNs and TANs partially liberated Arg1 in the presence of activated T cells (Supplemental Figure 3E) . However, the presence of arginase did not seem to affect the rate of T cell proliferation. These data support other studies showing that the arginase, which is liberated following spontaneous polymorphonuclear neutrophil death, is not sufficient for T cell suppression (41) .
Neutrophils isolated from distant nonmalignant lung tissue were also able to stimulate allogeneic and autologous T cell proliferation ( Figure 5, A and B) . However, there was no significant difference in stimulatory activity of distant neutrophils when compared with TANs (Supplemental Figure 2D) . This suggests that stimulatory capacity of distant neutrophils is a lung tissue-specific characteristic that might be driven by adjacent early-stage lung tumor.
In order to quantify the extent to which TANs are able to increase T cell proliferation, we mixed TANs with autologous with control experiments ( Figure 5C ). These experiments were repeated with TANs from 5 patients with early-stage lung cancer. By day 5, the addition of TANs increased the proliferation of T cells 1.7-to 2.8-fold compared with PBNs. The TANs did not appear to preferentially increase CD4 + versus CD8 + T cell expansion. Next, we asked whether treatment of PBNs with TCM would recapitulate the ability of TANs to stimulate T cell proliferation. We exposed PBNs from healthy donors to a variety of TCMs collected from digested AC or SCC. The majority of these TCMs prolonged survival time of PBNs up to 48 hours ( Figure 4B ) and induced the expression of the activation marker CD54 on the surface of PBNs ( Figure 2C ). However, TCM-treated PBNs were not able to stimulate T cell proliferation to a significant level (Supplemental Figure 3H ). This indicates that short-term exposure of mature PBNs to tumor-derived factors is not sufficient to convert PBNs into stimulatory cells.
In total, we analyzed the effect of TANs on the proliferation of T cells from 16 patients with lung cancer. Overall, TANs sigPBMCs that had been stimulated with different concentrations of anti-CD3 Abs (Supplemental Figure 2B) . Four days later, TANs dramatically increased the proliferation of CD4 + T cells from 15% to 64% (P < 0.01) and that of CD8 + T cells from 12% to 61% (P < 0.01). Moreover, the coculture of TANs with highly activated T cells (anti-CD3 Abs, 2.5 μg/ml) resulted in even more rapid division of these T cells.
Since the CD3/CD28-stimulated T cell response involves a robust polyclonal T cell proliferation, we investigated the ability of TANs and PBNs to modulate more physiological T cell responses induced by allogeneic DCs in a mixed-lymphocyte reaction. Allogeneic T cells (responders) were purified from the peripheral blood of healthy donors and cocultured with irradiated, mature, monocyte-derived DCs (MoDCs) (inducers) from unrelated donors. TANs or PBNs from patients with stage I-IIB lung cancer were added to the DCs as "third-party cells." Five days later, we found that inclusion of TANs resulted in an increased T cell proliferation that had been initiated by allogeneic MoDCs, compared majority of TANs from larger tumors were associated with a lower capacity to augment T cell proliferation than TANs from smaller tumors. We also divided lung cancer patients into 2 groups: patients with small tumors (<3 cm, n = 7) and patients with large tumors nificantly increased the proliferation of both CD4 + and CD8 + T cells an average of 2.1-fold (range 1.4-to 9-fold) compared with PBNs ( Figure 5D ; P = 0.001). Interestingly, as shown in Figure 5D and Supplemental Table 2 , correlation analysis revealed that the the T cells. The PBNs isolated from healthy donors or lung cancer patients did not induce the stimulation of T cell proliferation when the cells were mixed or separated (data not shown). When in direct contact, TANs induced a much higher level of T cell proliferation than in the transwell system, in which TANs were physically separated from activated T cells ( Figure 6B ). These data indicate that cellular contact is likely the chief mechanism by which TANs augment T cell proliferation. However, the TANs isolated from several patients demonstrated some stimulatory effect on T cells even when the cells were separated, suggesting that secreted factors are also involved in the stimulation of T cell proliferation, but to a lesser extent ( Figure 6B, right column) .
Expression of costimulatory molecules on TANs and their role in the stimulation of T cell proliferation.
Given that the strong stimulatory effect of TANs on T cell proliferation was dependent on direct cell contact, we quantified the expression of costimulatory molecules (CD86, CD80, CD40, CD54 [ICAM-1], CD252 [OX40L), and CD137L ) on the surface of TANs and PBNs by flow cytometry ( Figure 7A ). Circulating PBNs had minimal to no expression of these costimulatory molecules in all patients. The expression of CD54 was highly increased on the surface of TANs versus PBNs (75% ± 15% vs. 3% ± 1%, P < 0.001) ( Figure 7A ). In addition, we found moderate but statistically significant upregulation of CD86, OX40L, and 4-1BBL on the surface of TANs but not PBNs (P < 0.001). Figure 7A demonstrates that the expression of these markers varied widely from 0.5% to 20% among all cancer patients. However, the differences in the expression of these costimulatory molecules on TANs were not significantly correlated with tumor type, size, or stage (Supplemental Table 2 and Supplemental Figure 4 , E-H). We were not able to detect the expression of CD80 or CD40 markers on the surface of TANs.
Given that TANs enhance the activation of T cells during cell coculture, we examined whether activated T cells, in turn, upregulate the expression of costimulatory molecules in TANs to further bolster their own proliferation. To test this hypothesis, we activated T cells with plate-bound anti-CD3/CD28 Abs and mixed them with autologous TANs or PBNs. Two days later, flow cytometry was used to characterize the viability of neutrophils cocultured with activated T cells and expression of costimulatory molecules on gated live CD11b + CD15 + TANs. Flow cytometry revealed that in the presence of activated T cells, the TANs and PBNs survived longer than neutrophils cultured with resting T cells (Figure 7, B-D) . The activated T cells increased the lifespan of TANs and PBNs to 4 days (Supplemental Figure 3G) . Importantly, TANs cocultured with activated T cells markedly upregulated OX40L, 4-1BBL, CD54, and CD86 costimulatory molecules, whereas PBNs increased expression of only CD86 and CD54 ( Figure 7E ). These data suggest that a preexisting activated state of TANs or some enhanced plasticity is required for subsequent T cell-induced upregulation of these costimulatory molecules. CD80 and CD40 continued to show low levels of expression on PBNs and TANs following exposure to activated T cells.
Next, we investigated the functional significance of these costimulatory molecules. In 3 experiments, TANs and CFSE-labeled activated autologous T cells were cocultured in the presence of blocking Abs against these upregulated costimulatory molecules. Figure  7F shows a representative experiment (all 3 showed the same results) (>3 cm, n = 9). The analysis of these 2 groups using a Mann-Whitney nonparametric test also revealed that stimulatory activity of TANs from small tumors was significantly higher than that of TANs from large tumors (Supplemental Table 2 ). Interestingly, there were no significant associations between stimulatory activity of TANs and histological type of tumor, tumor stage, and smoking history (Supplemental Table 2 and Supplemental Figure 4, A-C) .
TANs enhance T cell activation. To further examine the crosstalk between activated T cells and neutrophils in lung cancer patients, we assayed T cell activation and the capacity of activated T cells to produce cytokines in the presence of TANs or PBNs. T cell activation was assessed within 24 hours of exposure to anti-CD3/ anti-CD28 Abs. When T cells were cultured with TANs, they more markedly upregulated CD25 (65% ± 11% vs. 41% ± 17%, P = 0.001) and downregulated CD62L (39% ± 14% vs. 54% ± 11%, P = 0.01), compared with control T cell populations. A representative experiment depicted in Figure 6A (left and center columns) demonstrates the effect of TANs on the expression of these markers in activated T cells. TANs did not affect CD69 expression on activated T cells (data not shown). We also found that the percentage of activated CD8 + cells expressing the lysosomal marker CD107a (LAMP-1) on the surface was twice as high in TAN/T cell cocultures compared with cultures of control T cells alone ( Figure 6A , right column). Together, these data suggest that TANs tend to promote activation of T cells and degranulation of their cytotoxic granules.
The expression of CD25 also defines a distinct population of CD4 + FOXP3 + Tregs with suppressive activity in vitro and in vivo (42) . However, after coculture for 4 days, analysis of FOXP3 expression showed no difference in activated CD4 + cells cultured with or without TANs (4.5% ± 1.1% and 5% ± 1.5%, respectively, P > 0.05) (Supplemental Figure 3F) .
We also determined whether TANs or PBNs modulated the production of key Th1 or Th2 cytokines in activated T cells. For these experiments, we mixed TANs or PBNs with autologous CD3/ CD28-stimulated T cells purified from peripheral blood of patients with NSCLC and quantified IFN-γ and IL-10 in the supernatants 96 hours later. Figure 6C demonstrates that TANs significantly increased IFN-γ production by activated T cells, as TAN/T cell cocultures had a much higher concentration of IFN-γ compared with T cells cultured alone (P = 0.02). PBNs isolated from lung cancer patients did not affect the IFN-γ production by activated T cells. Intracellular staining revealed a significant increase in the frequency of IFN-γ-positive CD4 + and CD8 + cells in the coculture with TANs compared with activated T cells cultured alone ( Figure  6E ). While the percentage of IFN-γ-producing T cells was slightly changed, the stimulation of T cell proliferation by TANs resulted in a larger number of T cells and increased overall cytokine levels in the supernatant after 4 days of coculture. In addition, there was no significant difference in the production of IL-10 by activated T cells cultured with TANs or PBNs ( Figure 6D ). Intracellular IL-10 was not detected in activated T cells cultured in the presence or absence of TANs and PBNs (data not shown).
Direct cell contact between TANs and T cells is important for T cell stimulation.
In order to understand the primary mechanism of TAN/T cell effects, we investigated whether direct cellular contact was necessary for TANs to stimulate T cell proliferation, using a transwell assay system that separated the TANs or PBNs from jci.org Volume 124 Number 12 December 2014 marginated neutrophils (cells that are adherent to the endothelium of blood vessels of lung tissue) and neutrophils from alveolar space, making them difficult to define as tissue-specific. In addition to changes in activation, we also found that the tumor microenvironment stabilizes and prolongs the survival of infiltrating neutrophils. In the presence of tumor-conditioned medium (TCM) rich in proinflammatory factors, such as IFN-γ, IL-6, IL-8, and GM-CSF (Figure 4B ), TANs and naive blood neutrophils developed a significant survival advantage compared with control neutrophils. This is likely due to the ability of these proinflammatory factors to prolong the lifespan of human neutrophils by delaying apoptosis (43, 44) .
Once TANs are activated in the tumor microenvironment, they appear to add to the complexity of the inflammatory milieu and are likely involved in the attraction of other leukocytes. TANs secreted large quantities of IL-8 in cell culture, which has been found to self-promote neutrophil survival and recruit more neutrophils. We also found that TANs released various immunoregulatory cytokines, chemokines, and growth factors, such as the proinflammatory mediators CCL2 (MCP-1), IL-8, CCL3 (MIP-1α), and IL-6, as well as the antiinflammatory cytokine IL-1RA. On the other hand, TANs can secrete factors that could be protumorigenic. MIP-1α may act as a growth, survival, and chemotactic factor for tumor cells (45) . In our study, we did not see high levels of proangiogenic VEGF, but there were other growth factors that might support angiogenesis, such as FGF, HGF, and EGF.
Over the last decade, there has been an increasing focus on the interactions between myeloid cells and T cells in tumor-bearing mice. Most of these studies have focused on MDSCs and TAMs. The vast majority of the data suggest that these cells inhibit T cell proliferation and function (46) (47) (48) (49) . With regard to TAMs, the current paradigm is that these cells are primarily tumor-promoting (M2-type) cells but, under certain conditions, can be reprogrammed into tumor-inhibitory (M1-type) cells with therapeutic potential (50) (51) (52) . Much less is known about murine TANs; however, work by our group (8) and others (5, (53) (54) (55) suggests that a similar N1 (antitumor) and N2 (protumor) polarization exists, and that most advanced tumors harbor N2-like TANs. Given this framework, we anticipated human TANs would inhibit T cell responses in human lung tumors. Unexpectedly, however, freshly isolated TANs from early-stage lung cancer patients did not suppress IFN-γ production or proliferation of T cells that had been activated with anti-CD3/CD28 Abs or allogeneic DCs. Instead, TANs increased T cell IFN-γ production and activation, and dramatically amplified T cell proliferation. Direct cell-cell contact was important for the neutrophil-mediated stimulation of T cell proliferation. One important feature of this interaction was cross-talk and mutual cell activation. With coculture, T cells further upregulated activation markers and produced more IFN-γ, whereas TANs upregulated the costimulatory molecules CD86, CD54, OX40L, and 4-1BBL. These molecules are not constitutively expressed on the surface of circulating neutrophils; however, they can be rapidly translocated from cytoplasmic granules onto the surface of neutrophils or be synthesized de novo under the appropriate circumstances (19, 56) .
Follow-up experiments using blocking Abs against various costimulatory molecules showed that the OX40L/OX40 and 4-1BBL/4-1BB pathways were critical in TAN-mediated augmenwhere the stimulatory effect of TANs was partially abrogated in the presence of anti-CD54 and -CD86 blocking Abs (right columns). The most pronounced effect was observed when anti-OX40L or anti-4-1BBL blocking Ab was added to the T cell/TAN coculture. These Abs completely blocked the strong stimulatory activity of TANs (Figure 7F, center columns) . Notably, in the control groups, the proliferation of T cells without TANs was not affected by the presence of any of these blocking Abs. These data suggest that TANs enhance T cell proliferation by direct cell-cell signaling, likely due to the OX40L/ OX40 and 4-1BBL/4-1BB pathways. Both pathways appear equally important for T cell proliferation.
Taken together, these results suggest that there is ongoing crosstalk between activated T cells and TANs that results in dramatic upregulation of costimulatory molecules on the surface of TANs, which enhances T cell proliferation. This interaction between the innate and adaptive sides of the immune system requires direct cellcell interactions due to receptor engagement, although secretory cytokines may have a limited role in this relationship.
Discussion
This study provides a comprehensive phenotypic and functional characterization of tumor-infiltrating neutrophils in early-stage lung cancer patients. Our key observations were that TANs represented a significant proportion of the cellular composition of human lung tumors and that, in contrast to our expectations, early-stage lung cancer TANs were not hypofunctional or immunosuppressive, but were able to stimulate T cell responses.
Our data show that TANs express a "classic" activated phenotype characterized by upregulation of the adhesion molecule CD54 (ICAM-1) and downregulation of CD62L (L-selectin), CXCR1, CXCR2, and CD16 (29, 30) . Another major change in the infiltrating neutrophils compared with systemic PBNs was in chemokine receptor expression, including upregulation of CCR5, CCR7, CXCR3, and CXCR4, and downregulation of CXCR1 and CXCR2. It has been suggested that the acquisition of new chemokine receptors by neutrophils at inflammatory sites expands their functional profile (33) ; however, the exact role of the chemokine receptors expressed on TANs is still unknown, and further studies are required to understand their functional significance.
In this study, we also characterized the phenotype of neutrophils from the nonmalignant lung tissue to demonstrate which characteristics of TANs are specific for the tumor microenvironment and which simply reflect the differences between blood and lung tissue neutrophils. Neutrophils from distant tissue versus TANs were more similar to each other than to blood neutrophils. However, we found that TANs exhibit an even more activated phenotype compared with neutrophils isolated from "distant" noninvolved lung tissue. The level of CCR5, CCR7, CXCR3, and CXCR4 expression on distant neutrophils was intermediate between those of PBNs and TANs. Although these data are interesting, there are some caveats associated with comparison of neutrophils from tumor and distant lung tissue. First, we believe the surrounding nonmalignant lung tissue is likely to be influenced by the adjacent tumor, so neutrophils infiltrating the adjacent lung tissue may not have exactly the same function and phenotype as those infiltrating normal lung tissue. Second, compared with tumor-infiltrating neutrophils, the majority of lung neutrophils likely represent a pool of jci. In summary, our findings characterize tumor-infiltrating neutrophils in patients with lung cancer for the first time. Although the presence of a minor suppressive subpopulation of TANs cannot be excluded, our data suggest that TANs do not significantly contribute to inhibition of T cell responses in patients with early-stage lung cancer. Rather, the majority of neutrophils recruited into the tumor microenvironment undergo phenotypic and functional changes that result in the formation of cells that could potentially augment and support T cell responses. However, the in vitro conditions necessary for our experiments may not necessarily reflect what actually transpires in vivo. In addition, the ability of TANs to augment T cell responses is only one of many potential characteristics of antitumoral N1 neutrophils and does not entirely define TANs as antitumoral cells. In these studies, we were not able to assess the role of human TANs in the regulation of tumor cell proliferation, matrix remodeling, angiogenesis, and metastasis. Areas of future investigation in our laboratory are focused on deciphering subpopulations of neutrophils in human lung cancers and further characterization of the role of TANs in the regulation of tumor development using in vivo models. Ultimately, these findings may have important clinical implications, such as ways to take advantage of the T cell stimulatory activity of TANs and boost the efficacy of vaccines based on cytotoxic T lymphocyte induction.
Methods

Study design
A total of 86 patients with stage I-II lung cancer, who were scheduled for surgical resection, consented to the harvest of a portion of their tumor and blood for research purposes. All patients signed an informed consent document that was approved by the University of Pennsylvania Institutional Review Board, and met the following criteria: (a) histologically confirmed pulmonary squamous cell carcinoma (SCC) or adenocarcinoma (AC), (b) no prior chemotherapy or radiation therapy within 2 years, and (c) no other malignancy. Detailed characteristics of the patients can be found in Supplemental Table 1 .
Reagents
The enzymatic cocktail for tumor digestion consisted of serum-free Hyclone Leibovitz L-15 medium supplemented with 1% penicillinstreptomycin, collagenase type I and IV (170 mg/l = 45-60 U/ml), collagenase type II (56 mg/l = 15-20 U/ml), DNase I (25 mg/l), and elastase (25 mg/l) (all from Worthington Biochemical). Cell culture reagents are described in Supplemental Methods.
Lymphocyte isolation from peripheral blood Standard approaches were used. See Supplemental Methods. tation of T cell proliferation. 4-1BBL/4-1BB and OX40/OX40L represent a pair of costimulatory molecules critical for T cell proliferation, survival, cytokine production, and memory cell generation, as well as reverse signaling for further activation of APCs (57, 58) . Typically, the costimulatory molecules 4-1BBL and OX40L are expressed on APCs, including mature DCs, activated macrophages, and B cells (57) . Our data suggest that the 4-1BBL and OX40L costimulatory molecules can also be upregulated on activated TANs as a result of the interaction with activated T cells. Thus, the OX40L/OX40 and 4-1BBL/4-1BB pathways have the potential to enhance antitumor immunity and break tumor-induced immune suppression and immunological tolerance. Furthermore, costimulation through 4-1BBL/4-1BB protects T cells from activationinduced cell death and enhances the antitumor effector functions of CD8 + melanoma tumor-infiltrating lymphocytes (59, 60) . Our data are consistent with previous studies showing that granulocytes can provide accessory signals for T cell activation (19, 21, 22) . For instance, Radsak et al. reported that human circulating neutrophils are accessory cells for T cell activation after treatment with IFN-γ and GM-CSF (19) . They found that neutrophil-dependent T cell proliferation could be partially inhibited by blocking Abs against MHC class II, CD86, and CD54. Interestingly, our findings showed that lung tumors were able to produce IFN-γ and GM-CSF, as well as to induce expression of CD86 and CD54 costimulatory molecules in TANs. However, blocking CD86 did not substantially inhibit the stimulatory capacity of TANs compared with blocking OX40L or 4-1BBL. Inhibiting CD54 resulted in partial ablation of this effect.
Our data are consistent with some literature showing the antitumor potential of neutrophils during tumor growth in some models (61) (62) (63) . For instance, Suttmann and colleagues demonstrated that polymorphonuclear neutrophils are an indispensable subset of immunoregulatory cells and orchestrate T cell chemotaxis to the bladder during bacillus Calmette-Guérin immunotherapy (64) . Augmentation of T cell proliferation and/or survival by tumorinfiltrating neutrophils was found to be critical in the establishment of antitumor immunity following photodynamic therapy (65) . Our group found that the blockage of TGF-β could convert N2 TANs to N1 TANs in murine models of mesothelioma and lung cancer (8) .
Can human TANs exert antitumor (N1-like) activity? Although TANs isolated from early-stage lung cancers resemble murine antitumor N1 TANs, our data suggest that as tumors become larger, they become less stimulatory. It is thus possible that TANs from even more advanced tumors may become frankly protumorigenic. This concept, with regard to TANs, has recently been described in a murine tumor model. Mishalian et al. reported that TANs from early tumors were cytotoxic to tumor cells and produced higher levels of TNF-α, NO, and H 2 O 2 compared with TANs in larger, established tumors (66) . We are trying to test this "myeloid cell immunoediting" hypothesis with TANs from patients with advanced lung cancer (stages III and IV); however, this is logistically challenging since these individuals do not routinely undergo tumor resection and are managed with chemotherapy and radiation therapy.
Our study provides several explanations for the inconsistent data in the literature with regard to prognostic implications of TANs in cancer patients (11, (14) (15) (16) (17) was assessed by flow cytometry using the BrdU Flow Kit (BD Pharmingen). For more details see Supplemental Methods.
Allogeneic mixed lymphocyte reaction
Purified allogeneic T cells from healthy donor PBMCs were used as responders and reacted with irradiated, mature, monocyte-derived DCs (MoDCs) (inducers) from unrelated healthy donors. Immature MoDCs were prepared by culturing of adherent peripheral blood monocytes for 7 days in DMEM supplemented with 10% FBS, recombinant human GM-CSF (50 ng/ml), and IL-4 (50 ng/ml). To mature the MoDCs, LPS (100 ng/ml) was added to the cell culture for 24 hours before harvesting. The TANs or PBNs (regulators) were added to the DC-induced mixed lymphocyte reaction as "third-party cells" at a ratio of 1:0.25:1 (regulator/ inducer/responder). Five days later, the proliferation of CD4 + and CD8 + T cells was measured using flow cytometric analysis of CFSE dilution.
Phagocytosis
The phagocytic activity of TANs and PBNs was assayed with the pHrodo Red E. coli BioParticles Phagocytosis Kit for flow cytometry (Life Technologies), according to the manufacturer's instructions.
Chemotaxis
We used a previously established protocol for fluorescence-based measurement of neutrophil migration in vitro across a polycarbonate filter (67) with minor modifications. See Supplemental Methods for details.
Neutrophil survival
Freshly isolated TANs or PBNs were cultured in complete cell culture medium in the presence or absence of 50% v/v of TCM for 20 hours. Neutrophil viability, apoptosis, and necrosis were measured using the FITC-Annexin V Apoptosis Detection Kit (Biolegend) and analyzed by flow cytometry, according to the manufacturer's instructions.
Measurement of ROS
The production of H 2 O 2 in TANs and PBNs isolated from lung cancer patients and healthy donors was measured using Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen), according to the manufacturer's instructions. See Supplemental Methods for details.
Measurement of cytokines, chemokines, and growth factors
Single-cell suspensions were obtained from lung tumors by enzymatic digestion, as described above. TANs and PBNs were isolated from lung cancer patients, as described above. Both unseparated cells and isolated neutrophils from digested tumors, and PBNs, were resuspended in DME/F-12 1:1 medium with 10% FBS at a concentration of 1 × 10 6 cells/ml. Twenty-four hours later, cell culture supernatants were collected, filtered, and stored at -80°C until measurement. The levels of 30 cytokines/chemokines and growth factors were measured using the Cytokine Human Magnetic 30-Plex Panel for the Luminex platform (Invitrogen). The production of IFN-γ, IL-10, and GM-CSF was measured with commercial ELISA kits purchased from BD Bioscience.
Immunohistochemistry
The tumor microarrays (TMAs) were constructed from formalin-fixed, paraffin-embedded tumor and adjacent normal specimens collected at the time of surgical resection. Sections from 45 AC and 25 SCC patients were analyzed. After standard antigen retrieval, the TMAs were doublePreparation of a single-cell suspension from lung tumor tissue Surgically removed fresh lung tumors from patients were processed within 20 minutes of removal from the patient. In brief, the tumors were trimmed, sliced into small pieces, and digested for 1 hour at 37°C with shaking. After rbc lysis, cell viability was determined by trypan blue exclusion or Fixable Viability Dye eFluor 450 staining (Supplemental Figure 1B) . If the viability of cells was less than 80%, dead cells were eliminated using a Dead Cell Removal Kit (Miltenyi Biotec Inc.). See Supplemental Methods for full details.
Tumor-conditioned medium See Supplemental Methods.
Neutrophil isolation
Since temperature gradients can activate neutrophils, all tissues and reagents were maintained at a constant temperature during preparation. After tumor harvest, TANs and PBNs were prepared at room temperature and rapidly used. PBNs. EDTA-anticoagulated peripheral blood was collected from lung cancer patients during surgery or from healthy donors, and density-gradient centrifugation was performed. To account for any possible effect of tissue digestion enzymes on neutrophil function, peripheral blood granulocytes were processed in a similar manner.
The purity and activation status of isolated TANs and PBNs were measured by flow cytometry for the granulocyte/myeloid markers CD66b, CD15, arginase-1 (Arg1), myeloperoxidase (MPO), and CD11b, and the activation markers CD62L and CD54. The TANs demonstrated high cell viability with minimal enzyme-induced premature cellular activation or cleavage of myeloid cell markers (Supplemental Figure 1) . The purity of TANs and PBNs was typically higher than 94%. Isolates with less than 90% purity were discarded.
Flow cytometry
Flow cytometric analysis was performed according to standard protocols. Details about the Abs used are listed in Figure 3A . Matched-isotype Abs were used as controls. For more details see Supplemental Methods.
T cell proliferation assay T cell proliferation induced by plate-bound anti-human CD3 (clone: OKT3) and/or anti-CD28 (clone: CD28.2) Abs was assessed using standard CFSE dilution methods. PBMCs or purified T cells (responders) were labeled with CFSE and cocultured in CD3/CD28-coated plates for 4 days in the complete cell culture medium. The CFSE signal was analyzed by flow cytometry on gated CD4 + or CD8 + lymphocytes.
In several experiments, blocking Abs against CD86 (clone: IT2.2), CD80 (clone: 2D10), OX40L (clone: 11C3.1), 4-1BBL (clone: 5F4), CD54 (clone: HCD54), or CD40 (clone: 5C3) (all from Biolegend) were added to the cocultures of TANs and activated T cells at the concentration 1 μg/ml. In other experiments, the proliferation of T cells
